Scanning tunneling microscopy/spectroscopy (STM/STS) at 4.8 K has been used to examine the growth of a double-decker bis(phthalocyaninato)yttrium (YPc 2 ) molecule on a reconstructed Au(111) substrate. Local differential conductance spectra (dI/dV ) of a single YPc 2 molecule allow the characteristics of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) to be identified. Furthermore, lateral distributions of the local density of states (LDOS) have also been obtained by d I/dV mapping and confirmed by first principles simulations. These electronic feature mappings and theoretical calculations provide a basis for understanding the unique STM morphology of YPc 2 , which is usually imaged as an eight-lobed structure. In addition, we demonstrate that bias-dependent STM morphologies and simultaneous d I/dV maps can provide a way of understanding the stability of two-dimensional YPc 2 films.
Introduction
Phthalocyanine (Pc) and its derivatives are very important organic materials, due to their wide applications in areas such as gas sensing devices, photovoltaic materials, and light-emitting diodes [1] [2] [3] . The development of scanning tunneling microscopy/spectroscopy (STM/STS) allows a full characterization of the surface assembly and electronic structure of such species on a molecular scale. The first STM observation in this field involved adsorption of CuPc on Cu(100), and was followed by explorationsubstrates [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Later on, the characterization of the electronic structure of these molecules became an important topic because molecular orbitals can be detected directly by STS. The resulting electronic structure information can be utilized to explain the complicated STM morphology, and the moleculemolecule and molecule-substrate interactions [17] [18] [19] . Exploring the Kondo effects in magnetic ion-containing Pc complexes is another very important research aspect, because of its fundamental significance in solid state physics [15, 16] .
To date, however, there have been few reported studies by STM under ultrahigh vacuum conditions (UHV) of the assembly behavior or the electronic structure of double-decker or triple-decker metal-Pc complexes on solid substrates. The main reason for this is the thermal instability of these materials during the evaporation process [20] [21] [22] . Recently, a single molecule magnet (SMM) of TbPc 2 was successfully prepared on Cu(111), and its spin density was investigated by STM/STS [23] . Further efforts are needed to explore the molecular orbitals of such species and their relationship with the STM morphology, the chemical bonding within the molecule and the novel physical properties of the materials.
In this work, we use a double-decker YPc 2 species, because of its good stability during thermal evaporation under UHV. Its growth behavior on Au(111) has already been reported elsewhere [24] . Here, we try to explore the electronic structure of a single molecule and the stability of YPc 2 films. A 4.8 K STM/STS system was used to obtain good STM images, as well as details of the electronic structure. Lateral distributions of the local density of states (LDOS) of a single molecule and of a two-dimensional (2-D) film were achieved using local differential conductance spectra (dI/dV) mapping methods. Furthermore, first principles simulations were also carried out in an attempt to explain our experimental observations.
Experimental setup and theoretical calculations
All the experiments were carried out with a Unisoku low temperature STM composed of an STM chamber and a separate preparation chamber. The base pressure in each chamber was better than − × 10 4 10 mbar. The Au(111) substrate was processed by a standard method of Ar + sputtering followed by annealing. The target molecule was evaporated onto Au(111) under a flux rate of ~0.1 monolayer (ML) per minute. After deposition, the sample was instantly transferred to the STM stage which was cooled with liquid helium.
The local differential conductance (dI/dV) spectra were recorded by first disabling the feedback loop and then recording the output of a lock-in system. A modulation signal of 4 mV rms, 497 Hz was selected under a tunneling condition of 0.4 V, 0.4 nA. For dI/dV mapping, the feedback loop was kept working while a similar modulation signal to that for the point spectroscopy measurements was applied.
First principles simulations were performed to provide a qualitative illustration of the electronic structure of surface-supported YPc 2 molecules. In our simulations, the influence of the Au substrate was not included. The calculations were performed using the projector augmented wave (PAW) method [25] and the generalized gradient-corrected approximation of Perdew, Burke, and Ernzhernof for the exchangecorrelation functional as implemented in the Vienna ab initio simulation package [26, 27] . The spinnonpolarized method was employed and Y 4s and 4p semicore states were treated as valence states to ensure high accuracy. A plane-wave cutoff of 500 eV was used in the calculations and the atomic structure was relaxed until the maximum residual force was less than 10 meV/Å. The convergence accuracy of total energy was chosen as 10 -5 eV in the relaxation of electronic degrees of freedom.
Results and discussion
The insert in Fig. 1(a) shows the structure of YPc 2 , which is composed of a Y atom which is sandwiched by two Pc ligands rotated by ~45° with respect to each other. Therefore, the Y atom has an eight-fold coordination with ligand N atoms. Systematic STM examinations were carried out in order to reveal the surface assembly behavior of YPc 2 /Au(111). The typical images in Fig. 1 show that individual molecules appear at low coverage ( Fig. 1(a) ) and 2-D islands develop at high coverage ( Fig. 1(b) ) [24] . In addition, square islands usually dominate on the elbow sites of the herringbone reconstructions of Au, and these sites have been shown to be the nucleation sites of metal atoms and organic molecules. In order to investigate the system in more detail, we tried to capture STM images of a single molecule. This can only be achieved at low temperature, where the mobilities of molecules decrease and individual molecules can exist. The close-view image of a single molecule ( Fig. 2(a) ) shows an eight-lobed contrast in the outer part and a weak flat platform in the center of the molecule. This morphology is very different from that of a single-decker Pc adsorbed on Au which is usually observed as a four-lobe shape. We know that the upper and the lower Pc groups of YPc 2 are in different planes and may not be seen by STM with the same contrast. Judging from the line profile of a single molecule (Fig. 2(b) ), we get a molecule height of 0.45 nm, more than three times that of a single-decker Pc complex (0.14 nm). This confirms the presence of YPc 2 . Therefore the observation of the unique contrast of eight-lobes can be attributed to the overlay of the upper Pc ligand.
In order to study the electronic states of the doubledecker molecule, dI/dV spectra ( Fig. 2(c) , red line) were captured with the STM tip positioned on one of the eight lobes. As a comparison, the spectra of Au were also measured with the same tip ( Fig. 2(c) , black line). In this way, we can exclude the possibility of any contribution from the Au substrate. Two sharp peaks appearing at ±1.0 V can be attributed to the molecular orbitals. Most previous STM/STS studies of single-decker metal-Pc complexes on metal surfaces have reported similar LUMO and HOMO states at ±(0.9-1.0 V) [8] . For YPc 2 /Au(111), we can consider the two sharp peaks to arise from the LUMO and HOMO states of the upper Pc ligand. To confirm this, we did first principles calculations and the results are shown in Fig. 2(d) . We obtained high densities of electronic states of C and N atoms with V bias > 1.0 V and V bias < -1.0 V. The slight discrepancy between Figs. 2(c) and 2(d) can be attributed to the influence of the Au substrate not being included in our simple theoretical model. In addition, there is no significant density of electronic states of Y within our focused energy area. To sum up, the molecular orbitals of the Pc ligands make major contributions to the electronic feature of YPc 2 .
As a rule, the lateral distributions of LDOS can be achieved by performing dI/dV mapping measurements, which provide visual images of the distributions of molecular orbitals, and further contribute to identification of the molecule. Figure 3 displays the STM morphology ( Fig. 3(a) ), and dI/dV maps (Figs. 3(b)  and 3(c) ) of a single molecule at biases of -0.8 V, and 0.4 V, respectively. The former shows a reasonable eight-lobed feature. This feature corresponds well with the π-molecular orbital of the upper Pc ligand if we consider the relative rotation of upper and lower Pc groups. On increasing the bias voltage to 0 V, the occupied molecular orbitals attenuate along the crossing directions of Pc ligands, which is not shown here.
A similar result was found for the unoccupied molecular orbitals, as seen in the mapping data shown in Fig. 3(c) . At an intermediate bias of 0.4 V (Fig. 3(c) ), the inner parts of the eight lobes present darker contrasts, and thus two sets of crossed features (without nodes) rotated by 45° become highlighted. Interestingly, a flat platform appears around the node of the crossings observed by mapping at 0.4 V (or other voltages below 1 V), which may reflect the absence of extra electronic states from the central Y atom. This can also be deduced from the electronic structure calculations shown in Fig. 2(d) , where no significant contribution to the density of states by Y was observed with bias voltages within the range ±1 V. Our results differ from those for TbPc 2 /Cu(111), where a bright node appears under a similar mapping condition [23] . The brighter/weaker nature of the center, which depends on the electronic states of the metal atoms, may serve as a tracer for recognizing such molecules like TbPc 2 and YPc 2 . It is worth noting that a similar method has been utilized in the identification of CoPc and CuPc [6] .
When mapping above 1.0 V, the periphery of the eight lobes is again highlighted with the formation of an eight-lobed feature (similar to the HOMO states, and therefore not shown here). This variation in d I/dV mapping as a function of bias manifests some similarities with the TbPc 2 /Cu(111) system, where theoretical calculations accounted for the eight-lobed HOMO and LUMO dI/dV images [23] . To verify our data, we simulated the electronic states of YPc 2 by first principles calculations. The structure of YPc 2 , the HOMO maps and intermediate energy orbital maps (corresponding to a bias voltage lower than the HOMO) are displayed in Figs. 3(d) , 3(e), and 3(f), respectively. The HOMO map exhibits four pairs of lobes well delocalized over the π-molecular orbitals of the upper Pc ligand. With increasing bias voltage, the occupied molecular orbital of Pc shrinks along the direction normal to the benzene rings of the ligand (Fig. 3(f) ). As there are no specific electronic states involving Y and N, no special contrast can be seen along the Y-N binding directions. This result suggests that the electronic structure of the upper Pc group should contribute to the eight-lobed STM contrast of YPc 2 .
Another interesting phenomenon is that our biasdependent STM morphologies usually exhibit complicated features which can not be solely understood by STM imaging. Both dI/dV maps and electronic structure characterization may provide a way to solve this problem. Figures 4(a) , 4(c), and 4(e) show STM images of a YPc 2 film recorded at biases of -0.8 V, -0.4 V, and 0.4 V, respectively. Most of the molecules manifest an eight-lobed shape on imaging at -0.8 V (Fig. 4(a) ). A few molecules with an eight-lobed shape show higher contrast than neighboring ones on scanning at -0.4 V (Fig. 4(c) ). Darker molecules with a four-lobed shape appear on scanning at 0.4 V (Fig. 4(e) , indicated by dashed circles). Fuzzy spots on the film surface (Figs. 4(c) and 4(e)) may be due to the instability of the upper Pc ligands during the scanning process; it cannot be a tip effect since the STM tip always remains in good condition.
Simultaneous d I/dV maps are displayed in the right column of Fig. 4 . For d I/dV mapping at -0.8 V, most of the molecules exhibit an eight-lobed shape (Fig. 4(b) ). This is comparable to the HOMO state of a single molecule (Figs. 3(b) and 3(e) ). At ±0.4 V, a majority of the molecules are mapped as two sets of crossings with central flat nodes (Figs. 4(d) and 4(f) ). Again they show a good correspondence with the single molecule mapping data (Fig. 3(c) ). In addition, we can also identify some abnormal molecules in the (Figs. 4(d) and 4(f) ). These abnormal HOMO/ LUMO images may indicate that these molecules are located in a different chemical environment from the neighboring ones [28] .
In Fig. 4(e) , some molecules are imaged as darker contrasts of four-lobed shapes, and their apparent height approaches 0.25 nm. This phenomenon emerges only after repetitive scanning of a 2-D film for a long time (from Fig. 4(a) to Fig. 4(c) ). The mechanism of this morphology evolution is not clear since the film is kept at 4.8 K where thermal instability is essentially eliminated. These shape alternations for YPc 2 may result from desorption of the upper Pc groups. In this case, the probable driving force is the applied bias that will generate an extra electric field between tip and sample. In the dI/dV mapping images, we can identify corresponding evolutions of the electronic states around these four-lobed molecules (Figs. 4(d) and 4(f)). Based on these tentative results, we can conclude that double-decker YPc 2 films may not be stable throughout the STM imaging process. Since along the direction normal to the surface, the upper Pc groups are only coordinated with the central Y atom and kept apart from the substrate, this will induce weak interactions between the upper Pc group and the Au substrate. The external field induced by tip bias may therefore result in desorption of the upper Pc ligands. This is only a preliminary hypothesis and more experimental data are needed, such as measuring an I-t curve to see whether there is a current drop when the desorption occurs.
Conclusions
A STM/STS system at 4.8 K and first principles calculations have been utilized to explore the electronic structure of YPc 2 prepared on Au(111). Similar to other double-decker metal-Pc complexes, HOMO and LUMO dI/dV mapping images of YPc 2 show eight-lobed features in both experimental results and theoretical calculations. The STM morphology of YPc2 involving an eight-lobed shape can be explained by the influence of the electronic structure of the upper Pc group. In addition, based on our STM/STS results for 2-D films, the change in morphology of YPc 2 from eight-lobed to four-lobed shapes may be understood to arise from the desorption of the upper Pc ligands. Therefore our experiments suggests that, even under STM observations at 4.8 K, double-decker metal-Pc complexes have a limited stability.
